In budding yeast, microtubules are organized by the spindle pole body (SPB), which is embedded in the nuclear envelope via its central plaque structure. Here, we describe the identification of BBP1 in a suppressor screen with a conditional lethal allele of SPC29. Bbp1p was detected at the central plaque periphery of the SPB and bbp1-1 cells were found to be defective in SPB duplication. bbp1-1 cells extend their satellite into a duplication plaque like wild-type cells; however, this duplication plaque then fails to insert properly into the nuclear envelope and does not assemble a functional inner plaque. This function in SPB duplication is probably fulfilled by a stable complex of Bbp1p and Mps2p, a nuclear envelope protein that is also essential for duplication plaque insertion. In addition, we found that Bbp1p interacts with Spc29p and the half-bridge component Kar1p. These interactions are likely to play a role in connecting the SPB with the nuclear envelope and the central plaque with the half-bridge.
Introduction
In budding yeast, microtubule organizing functions are provided by the spindle pole body (SPB), a multi-layered structure that is embedded in the nuclear envelope throughout the cell cycle (Byers and Goetsch, 1975) . SPB substructures named the outer, central and inner plaque and the half-bridge have been described by electron microscopy. The central plaque plays a role in embedding the SPB into the nuclear envelope, whereas the outer and inner plaques function in cytoplasmic and nuclear microtubule organization, respectively. The half-bridge, a one-sided extension of the central plaque, is essential for the cell-cycle-dependent duplication of the SPB and in addition it organizes cytoplasmic microtubules (Byers and Goetsch, 1975; Brachat et al., 1998; Pereira et al., 1999) .
The central plaque contains a two-dimensional crystal formed by the SPB component Spc42p (Bullitt et al., 1997) . The Tub4p complex binding protein Spc110p is anchored to the nuclear side of this Spc42p layer via Spc29p, which interacts with the N-terminal domain of Spc42p and a C-terminal portion of Spc110p Elliott et al., 1999) . Towards the cytoplasmic side, Spc42p binds to Cnm67p (Brachat et al., 1998; Wigge et al., 1998; Adams and Kilmartin, 1999; Elliott et al., 1999) .
In early G 1 phase of the cell cycle the cytoplasmic side of the half-bridge develops the satellite at its most distal end (Byers and Goetsch, 1975) . The satellite contains the central/outer plaque components Spc29p, Spc42p, Cnm67p and Nud1p (Adams and Kilmartin, 1999) , suggesting that it is a miniature version of the central/outer plaque of the SPB. After Start of the cell cycle the satellite extends into a duplication plaque, which is then inserted into the nuclear envelope (Byers and Goetsch, 1975; Adams and Kilmartin, 1999) . In contrast, the inner plaque containing Spc110p/calmodulin and the Tub4p complex, is most likely to assemble within the nucleus (Pereira et al., 1998; Adams and Kilmartin, 1999; Elliott et al., 1999) and is attached to the central/outer plaque via the binding of Spc110p to Spc29p (Elliott et al., 1999) .
CDC31 and KAR1 function in SPB duplication before Start of the cell cycle (Baum et al., 1986; Rose and Fink, 1987) . In contrast, MPS1, MPS2, NDC1 and SPC29 play a role in SPB duplication after Start (Winey et al., 1991 (Winey et al., , 1993 Biggins et al., 1996; Chial et al., 1998; Adams and Kilmartin, 1999; de la Cruz MunozCenteno et al., 1999; Elliott et al., 1999) . The yeast centrin Cdc31p and Kar1p are interacting components of the half-bridge (Spang et al., 1993 (Spang et al., , 1995 Biggins and Rose, 1994) . The dual specific kinase Mps1p functions in SPB duplication and in mitotic check point control (Lauzé et al., 1995; Weiss and Winey, 1996) . NDC1 and MPS2 encode nuclear envelope proteins that are associated with the region of the central plaque that is in contact with the nuclear envelope (Chial et al., 1998; de la Cruz Munoz-Centeno et al., 1999) and the encoded proteins facilitate the insertion of the duplication plaque into the nuclear envelope (Winey et al., 1991 (Winey et al., , 1993 Chial et al., 1998; de la Cruz Munoz-Centeno et al., 1999) . The SPB duplication function of Spc29p is probably fulfilled by the fraction of the protein that is associated with the satellite (Adams and Kilmartin, 1999) .
To understand the function of SPC29 further we performed a high gene dosage suppressor screen, which identified BBP1, encoding an essential SPB component (Wigge et al., 1998) , as a suppressor of the temperaturesensitive growth defect of spc29(ts) cells. We show that Bbp1p interacts with Spc29p, the nuclear envelope protein Mps2p and the half-bridge component Kar1p. These multiple interactions of Bbp1p are probably important for the insertion of the duplication plaque into the nuclear envelope during SPB duplication as well as for connecting the half-bridge with the central plaque. 
Results

BBP1 interacts with SPC29
To get a better understanding of the role of SPC29 in SPB duplication (Adams and Kilmartin, 1999; Elliott et al., 1999) , we searched for high gene dosage suppressors of the temperature-dependent growth defect of conditional lethal spc29(ts) cells. CDC31, which functions in SPB duplication (Baum et al., 1986) , was identified as a high gene dosage suppressor of the spc29-2 allele; however, it did not allow cells of spc29-3 to grow at the restrictive temperature (Elliott et al., 1999) . BBP1 was found as an additional suppressor of the temperature-dependent growth defect of spc29-2 and of spc29-3 cells ( Figure 1A ). Since BBP1 and SPC29 code for SPB components (Wigge et al., 1998) , their genetic interaction raised the possibility that the two proteins bind to each other. Support for this comes from the finding that Bbp1p and Spc29p interacted in the yeast two-hybrid system ( Figure 1B ). In addition, we observed that SPC29 or BBP1 combined with themselves showed two-hybrid interactions, suggesting that they form homodimers or homomultimers. No signal was observed when the BBP1-and SPC29-containing plasmids were combined with vector controls ( Figure 1B ).
Attempts to co-immunoprecipitate Bbp1p and Spc29p failed. This may reflect the strong binding of Spc29p to Spc42p and Spc110p (Elliott et al., 1999) and of Bbp1p to Mps2p (see below). The weaker interaction between Bbp1p and Spc29p may, therefore, be disrupted upon salt extraction of SPBs. To confirm the binding of Spc29p to Bbp1p we performed an in vitro binding experiment. In vitro translated Spc29p was incubated with recombinant, purified glutathione S-transferase (GST)-Bbp1p fusion protein ( Figure 1C , lane 2, anti-Bbp1p blot) or with GST. The latter exceeded the amount of GST-Bbp1p by at least a factor of 3-5 (data not shown). Spc29p bound strongly to GST-Bbp1p ( Figure 1C , lane 2; [ 35 S]Spc29p) but hardly to GST beads (lane 1), suggesting a direct interaction of Spc29p with Bbp1p. Taken together, Spc29p binds directly to Bbp1p.
Bbp1p is associated with the periphery of the central plaque
We determined the localization of Bbp1p within the SPB by immunoelectron microscopy using affinity-purified antibodies that specifically recognize Bbp1p (Figure 2A ) or the fully functional epitope-tagged Bbp1p-3Myc derivative. Secondary antibodies were either coupled to ultrasmall gold particles to allow penetration inside SPB substructures (Figure 2B and C; Adams and Kilmartin, 1999) or to 12 nm gold particles ( Figure 2D ). Using yeast cells, we observed a Bbp1p-3Myc signal close to the central plaque periphery (n ϭ 10) ( Figure 2B , arrow), frequently towards the cytoplasmic side of the SPB. When isolated nuclei were used the gold particles were also found near the periphery of the central plaque (n ϭ 20) ( Figure 2C , middle panel). In cases in which a half-bridge was visible (n ϭ 3), the anti-Bbp1p signal was close to the site where the half-bridge touched the central plaque 423 periphery ( Figure 2C, top panel) . In a few cases (n ϭ 2) the anti-Bbp1p signal was located near the inner plaque of the SPB ( Figure 2C , lower panel). This may either indicate a second localization of Bbp1p within the SPB or reflect the fact that Bbp1p is connected to the gold particles via the primary and secondary antibodies. The localization of Bbp1p with the central plaque periphery was further confirmed using isolated SPBs (n ϭ 40) ( Figure 2D, top panel, arrow) . When two side-by-side SPBs connected via the bridge structure were observed (n ϭ 5), the Bbp1p signal was located either next to the site where the bridge touched the central plaque ( Figure 2D , bottom) or at the central plaque periphery opposite to this bridge attachment side ( Figure 2D, middle) . Thus, Bbp1p is located near the central plaque periphery of the SPB.
BBP1 is essential for proper SPB duplication
The function of Bbp1p at the SPB was investigated by analysing the phenotype of conditional lethal bbp1(ts) mutants. Growth of wild-type and bbp1-1 cells was arrested with α-factor at 23°C, the permissive temperature of bbp1-1 cells, in the G 1 phase of the cell cycle. These cells continued synchronously in the cell cycle when α-factor was removed by washing the cells ( Figure 3A , t ϭ 0). Simultaneously, the cells were shifted to 37°C, the restrictive temperature of bbp1-1 cells. After 1.5 h wildtype cells had replicated their chromosomes ( Figure 3A) , had duplicated the SPB ( Figure 3B -1 and B-2) and finally formed a mitotic spindle, which segregated the chromosomes, indicated by the two DAPI-staining regions in the mother cell body and the bud ( Figure 3B-1 and B-2, DAPI; note that the mother cell body is still associated with the mating projection). Wild-type cells then exited mitosis and continued their progression through the cell cycle ( Figure 3A ). Cells of bbp1-1 also replicated their DNA; however, 1.5 h after the temperature shift these cells arrested temporarily with a 2n chromosome content and a large bud with only one DAPI-staining region in the bud neck ( Figure 3A , B-3-B-6; Table I ). Anti-tubulin staining revealed that 99% of the large budded bbp1-1 cells failed to form a proper mitotic spindle (Table I) , explaining the defect in chromosome segregation. Several spindle defects were observed. About 40% of large budded bbp1-1 cells contained only one signal when antibodies against the outer plaque protein Spc72p were used (Figure 3B-3; Table I ), suggesting an SPB duplication or separation defect in these cells. The remainder ( Figure 3B -4-B-6) had two anti-Spc72p signals and in most of the cases a strong nuclear microtubule bundle originated from only one SPB, whereas the other SPB was associated with none or only a few nuclear microtubules ( Figure 3B -5 and B-6, arrow). The latter SPB was non-functional in chromosome segregation because the DAPI-staining region was associated with the SPB that organized the extended nuclear microtubule bundle. Other large budded bbp1-1 cells (14%) contained what looked like a bipolar spindle ( Figure 3B-4) . However, only the SPB in the mother cell body was associated with a DAPI-staining region, suggesting that the nuclear microtubules organized by the other SPB were not functional. Furthermore, the nuclear microtubule bundle associated with the nonfunctional SPB were clearly thinner compared with the bundle originating from the functional SPB. Both SPBs of Fig. 3 . Cells of bbp1-1 are defective in mitotic spindle formation and chromosome segregation. Wild-type and bbp1-1 cells were synchronized with α-factor in the G 1 phase of the cell cycle. α-factor was removed by washing the cells (t ϭ 0). Simultaneously, the cells were shifted to 37°C, the restrictive temperature. (A) The DNA content of wild-type and bbp1-1 cells was followed over time by flow cytometry. (B) Fixed wild-type (B-1 and B-2) and bbp1-1 cells (B-3-B-6) were analysed by indirect immunofluorescence microscopy with affinity-purified rabbit anti-Spc72p antibodies and mouse monoclonal anti-tubulin antibodies 1.5 h after the temperature shift. DNA was stained with DAPI. The anti-Spc72p (red), anti-tubulin (green) and DAPI (blue) signals were merged. Cells were also inspected by phase-contrast microscopy. Bar, 5 μm.
bbp1-1 cells were frequently associated with cytoplasmic microtubules, which probably assisted the positioning of the nucleus in the bud neck region of the large budded cell.
The failure of one SPB of bbp1-1 cells to organize functional nuclear microtubules suggests that this SPB is defective. To identify the SPB defect, a synchronized culture of bbp1-1 cells was shifted to the restrictive temperature and the morphology of the SPBs and the spindle was followed over time by electron microscopy. One hour after the temperature shift cells of bbp1-1 (n ϭ 20) had enlarged their satellite into a duplication plaque ( Figure 4A ; five different SPBs with duplication plaques connected to the half-bridge are shown), which was similar in appearance to that observed for wild-type cells (Adams and Kilmartin, 1999) (data not shown). In all 20 inspected wild-type cells this duplication plaque was inserted into the nuclear envelope ( Figure 4B , SPB2)~1.25 h after the cell cycle release and gained the nuclear inner plaque with nuclear microtubules ( Figure 4B , two consecutive sections through a wild-type cell are shown; note the nuclear microtubules associated with the new SPB2). In contrast, the duplication plaque of bbp1-1 cells was not inserted into the nuclear envelope after 1.25 h (n ϭ 25) ( Figure 4C , two sections through a bbp1-1 cell are shown; note the absence of nuclear microtubules associated with the duplication plaque, here designated SPB2), suggesting that this step is delayed or defective in bbp1-1 cells. As reported previously (Adams and Kilmartin, 1999 ), a nuclear pore was frequently associated with the duplication plaque ( Figure 4C ). After 1.5 h only one normal looking SPB was observed in most serial sections through whole bbp1-1 cells (n ϭ 50), despite the appearance of two anti-Spc72p signals in 63% of bbp1-1 cells. This may be explained by a partial disintegration of the newly formed SPB structure, a phenotype that has been described for some spc29(ts) and spc110(ts) mutants (Sundberg and Davis, 1997; Adams and Kilmartin, 1999) . Alternatively, the defective SPB of bbp1-1 cells may not be recognized as such because its appearance by electron microscopy may be similar to nuclear pores, in particular when no nuclear microtubules were organized. However, two examples of bbp1-1 cells with two SPBs were observed by electron microscopy after 1.5 h at 37°C ( Figure 4D and E, each shows two serial sections through a bbp1-1 cell). One SPB was smaller ( Figure 4D and E, SPB2) compared with the other wild-type-looking SPB (SPB1), and the smaller SPB was associated with hardly any ( Figure 4D ) or only a few nuclear microtubules ( Figure 4E ). In contrast to wild-type cells ( Figure 4F , four sections through a wild-type cell are shown) these bbp1-1 cells failed to form a bipolar spindle. Instead, the few nuclear microtubules organized by the smaller SPB failed to connect the nuclear microtubules of the other SPB ( Figure 4E ). Similar results were obtained with bbp1-2 cells (data not shown).
The observation that some of the defective SPBs of bbp1-1 cells organize nuclear microtubules suggests that at least in these cases the duplication plaque was inserted into the nuclear envelope, followed by the assembly of the nuclear inner plaque. This possibility was tested by constructing bbp1-1 cells that expressed SPC42-GFP or SPC110-GFP gene fusions. Spc42p is associated with the cytoplasmic central plaque as well as with the duplication plaque (Adams and Kilmartin, 1999; Elliott et al., 1999) . Spc110p is a component of the nuclear inner plaque that assembles into the SPB from the nucleus (Rout and Kilmartin, 1990; Kilmartin and Goh, 1996) after the duplication plaque was inserted into the nuclear envelope (Adams and Kilmartin, 1999) . We compared the number of Spc42p and Spc110p signals in large budded bbp1-1 cells. Similarly to the indirect immunofluorescence experiment using the outer plaque protein Spc72p as a marker (Table I) , 54% of large budded bbp1-1 cells showed two Spc42p signals when incubated at 37°C for 1.5 h ( Figure 5B ). In contrast only 16% of bbp1-1 cells contained two Spc110p signals ( Figure 5A ). Therefore, in bbp1-1 cells only about one-third of the newly formed SPBs that form an outer plaque also assemble an inner plaque.
Taken together, bbp1-1 cells are defective in proper SPB duplication such that most bbp1-1 cells fail to assemble a nuclear inner plaque. In the cases in which bbp1-1 cells managed to form an inner plaque very few nuclear microtubules were organized and these proved to be nonfunctional.
Bbp1p functions together with the integral membrane protein Mps2p
To identify proteins that interact with Bbp1p, Bbp1p-containing complexes were purified from a strain that carried a functional gene fusion of BBP1 and protein A (BBP1-ProA). Bbp1p-ProA was enriched using IgGSepharose to which protein A binds with high affinity . After several washing steps, proteins with apparent mol. wts of 45, 46 and 60 kDa were eluted from the IgG resin ( Figure 6A, lane 2) . The binding of these proteins was dependent on the expression of BBP1-ProA, since they were not among the proteins of BBP1 cells that bound non-specifically to IgG-Sepharose ( Figure 6A, lane 1) . These proteins were analysed by mass spectroscopy (Shevchenko et al., 1996) . The 60 kDa Figure 3) were prepared for thin-section electron microscopy 1, 1.25 and 1.5 h after they had been shifted from 23 to 37°C (t ϭ 0). Serial sections which span the entire nucleus were analysed. (A) Five sections through different bbp1-1 cells (1 h at 37°C) are shown. The mother SPB consists of an outer, central and inner plaque. The duplication plaque (DP) is associated with the distal tip of the half-bridge. (B) Two serial sections through a wild-type cell 1.25 h after the temperature shift. The former duplication plaque (SPB2) is now inserted in the nuclear envelope and has assembled an inner plaque with associated nuclear microtubules (MT). (C) Two serial sections through a bbp1-1 cell (1.25 h). The duplication plaque (named SPB2) is not inserted in the nuclear envelope. Nuclear microtubules are not associated with the duplication plaque in any of the serial sections. As reported before (Adams and Kilmartin, 1999) , a nuclear pore (NP) was often observed close to the duplication plaque. (D and E) Two serial sections through two nuclei of bbp1-1 cells (1.5 h). One SPB (SPB1) appears similar as in wild-type cells, whereas the other (SPB2) is smaller and associated with fewer nuclear microtubules (MT). (F) Four consecutive serial sections through a wild-type cell (1.5 h). The two SPBs (SPB1 and SPB2) form a mitotic spindle (MS). CP, central plaque; DP, duplication plaque; HB, half-bridge; IP, inner plaque; MS, mitotic spindle; MT, microtubules; NP, nuclear pore; OP, outer plaque. Bars (A-F), 0.25 μm.
band was identified as Bbp1p-ProA (data not shown), whereas the 45/46 kDa doublet is encoded by MPS2 ( Figure 6B ). MPS2 functions in SPB duplication (Winey et al., 1991) and the encoded protein is associated with the nuclear envelope and the SPB periphery (de la Cruz Munoz-Centeno et al., 1999) .
The interaction of Bbp1p and Mps2p was verified by an immunoprecipitation experiment. Extracts of yeast cells expressing either MPS2 BBP1-3Myc ( Figure 6C , lanes 1 and 3) or MPS2-3HA BBP1-3Myc (lanes 2 and 4) were used. These extracts were incubated with antihemagglutinin (HA) (12CA5) antibodies coupled to protein A-Sepharose beads, followed by analysis of the precipitated proteins by immunoblotting with anti-HA ( Figure 6C , lanes 5 and 6) and anti-Myc antibodies (lanes 7 and 8). The immunoblots revealed that Bbp1p-3Myc ( Figure 6C , lane 8) was co-immunoprecipitated with Mps2p-3HA (lane 6). This precipitation was specific, since it was not observed when the MPS2 BBP1-3Myc cell extract was used ( Figure 6C, lanes 5 and 7) . Similarly, Mps2p-3Myc was co-immunoprecipitated with Bbp1p-3HA but not with Bbp1p using anti-HA antibodies (data not shown). These results suggest that Bbp1p and Mps2p are part of common complexes.
A functional interaction of BBP1 and MPS2 is further suggested by their genetic interaction. MPS2 was found to be a high gene dosage suppressor of the temperaturedependent growth defect of bbp1-1 cells ( Figure 6D-1) . Furthermore, BBP1 on a 2 μm plasmid allowed mps2-2 ( Figure 6D -2) and mps2-42 cells (data not shown), but not mps2-1 cells ( Figure 6D-3) , to grow at the restrictive temperature. In addition, Bbp1p interacted with Mps2p in the yeast two-hybrid system ( Figure 6E ). We also noticed that Mps2p combined with itself gave a signal. Taken together, Bbp1p and Mps2p function together in common complexes.
Bbp1p binds directly to Mps2p
Using an in vitro binding assay, we investigated whether bacterial expressed Bbp1p and Mps2p interact directly. The purified His 6 -Mps2p 1-307 ( Figure 7A, lane 2) , lacking the membrane-spanning region, bound to immobilized GST-Bbp1p (lane 3), but not to GST ( Figure 7A , compare lanes 8 and 9). Furthermore, we observed that
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His 6 -Mps2p 1-307 interacted with similar efficiency with the C-terminal portion of Bbp1p 202-385 (lanes 4 and 5) as with full-length Bbp1p (compare lanes 3 and 5). When His 6 -Mps2p 1-307 was incubated with the N-terminal part of Bbp1p a faint protein band corresponding in size to His 6 -Mps2p 1-307 was observed in some experiments ( Figure 7A , lane 7, asterisk). However, this band was not recognized by the anti-His tag antibodies ( Figure 7C,  lane 7) . It may represent a Bbp1p degradation product. Alternatively, His 6 -Mps2p 1-307 may bind weakly to the N-terminal part of Bbp1p, but the low amount of His 6 -Mps2p 1-307 was not detected by the anti-His tag antibodies, which recognized His 6 -Mps2p 1-307 rather poorly. The identity of the GST-( Figure 7B ) and His 6 -tagged ( Figure 7C ) fusion proteins was confirmed by immunoblotting. Taken together, the C-terminal half of Bbp1p interacts directly with Mps2p.
BBP1 interacts with KAR1
Our data are consistent with a model in which a complex containing Bbp1p and Mps2p is associated with the central plaque periphery. Since the half-bridge is connected with the central plaque (Byers and Goetsch, 1975) , Bbp1p or Mps2p may also interact with components of the halfbridge. The two known components of the half-bridge are encoded by CDC31 and KAR1 (Vallen et al., 1992; Spang et al., 1993 Spang et al., , 1995 . We found that KAR1, on a centromerebased plasmid, increased the growth defect of bbp1-1 ( Figure 8A ) but not of mps2-2 cells (data not shown). Such an effect of KAR1 has been described for CDC31 (Vallen et al., 1994) and SPC29 (Elliott et al., 1999) mutant cells, both of which are defective in SPB duplication (Baum et al., 1986; Adams and Kilmartin, 1999; Elliott et al., 1999) . In addition, Bbp1p interacted with Kar1p ( Figure 8B ), but not with Cdc31p (data not shown), in the yeast two-hybrid system. As descibed for other two-hybrid interactions Schiebel, 1997, 1998) , the Bbp1p-Kar1p interaction was only detectable in the indicated combination, but not when LexA-KAR1 and GAL4-BBP1 were combined (data not shown). Considering that Bbp1p is located close to the site where the half-bridge touches the central plaque (Figure 2) , it is possible that Bbp1p is involved in connecting the central plaque with the half-bridge.
Discussion
Bbp1p interacts with Mps2p and Spc29p
In this study we identified BBP1, coding for an essential SPB protein (Wigge et al., 1998) , as a suppressor of the temperature-dependent growth defect of spc29-2 and spc29-3 cells. The genetic interaction of BBP1 with SPC29 raised questions regarding the function of Bbp1p and in particular its relationship to Spc29p and to other proteins involved in SPB duplication.
Bbp1p was found to interact with Spc29p in the yeast two-hybrid system and in vitro translated Spc29p bound directly to recombinant GST-Bbp1p. This, together with the genetic interaction of BBP1 and SPC29, strongly suggests that the encoded proteins interact directly within the SPB. The nuclear envelope protein Mps2p (de la Cruz Munoz-Centeno et al., 1999) was identified as an additional interactor of Bbp1p by the purification of a complex containing Bbp1p-ProA, followed by matrix-assisted laser desorption/ionization (MALDI) analysis of the enriched proteins. The interaction of Bbp1p and Mps2p was confirmed by co-immunoprecipitation of the two proteins, the yeast two-hybrid system and by the high gene dosage suppression of the temperature-dependent growth defect of bbp1-1 cells by MPS2 and of mps2-2 cells by BBP1. Finally, a direct binding of Mps2p with the C-terminal portion of Bbp1p was established by an in vitro binding experiment using the recombinant proteins. Mps2p contains a single putative membrane-spanning segment from amino acids 311 to 327 and its N-terminal domain is predicted to be cytoplasmic (de la Cruz MunozCenteno et al., 1999) . Our in vitro binding experiment suggests that the cytoplasmic domain of Mps2p with a potential coiled-coil motif (amino acids 150-270) (de la Cruz Munoz-Centeno et al., 1999) interacts with the C-terminal portion of Bbp1p, also containing a predicted coiled-coil region (amino acids 320-360) (Lupas et al., 1991) . If the coiled-coil domain of Mps2p confers binding to Bbp1p, we may expect that mutations in Mps2p, which affect the coiled-coil domain, reduce the interaction with Bbp1p, possibly resulting in a conditional lethal phenotype. Overexpression of BBP1 may restore interaction, thereby suppressing the growth defect. Consistent with this, it was found that the temperature-dependent growth defect caused by the mps2-2 (L191S) and mps2-42 (I258V S259Y) mutations, but not by mps2-1 (E39K), was suppressed by high dosage of BBP1. Importantly, only the E39K mutation is located outside the coiled-coil domain of Mps2p (de la Cruz Munoz-Centeno et al., 1999) .
An interaction of Bbp1p and Mps2p is also consistent with the observation that both proteins are associated with Fig. 9 . Model for how the SPB is embedded in the nuclear envelope. Spc29p as a central plaque component (Adams and Kilmartin, 1999) connects Spc42p with the γ-tubulin complex binding protein Spc110p Elliott et al., 1999) . In our model Bbp1p connects Spc29p with the nuclear envelope protein Mps2p (de la Cruz Munoz-Centeno et al., 1999) at the central plaque periphery. Bbp1p also interacts with Kar1p, suggesting that it is involved in tethering the central plaque of the SPB to the half-bridge, containing Kar1p and Cdc31p (Spang et al., 1993 (Spang et al., , 1995 . Note that the outer plaque of the SPB is not shown.
the same SPB substructure. In the course of this study Bbp1p was localized by immunoelectron microscopy to the central plaque periphery of the SPB. A similar SPB localization has been determined for Mps2p (de la Cruz Munoz-Centeno et al., 1999) . However, it is important to note that we cannot exclude the possibility that a fraction of Bbp1p is also associated with other SPB substructures, e.g. throughout the central plaque. Such a localization may not have been detected due to the poor accessibility of this Bbp1p pool to the primary and secondary antibodies.
Our data are consistent with a model in which Spc29p binds to Bbp1p and Bbp1p binds to Mps2p (Figure 9 ). Since Spc29p interacts with Spc42p and Spc110p at the central plaque (Adams and Kilmartin, 1999; Elliott et al., 1999) and Mps2p as an integral membrane protein is anchored in the nuclear envelope (de la Cruz MunozCenteno et al., 1999) , it is likely that the SPB is connected with the nuclear envelope via the interaction of the Bbp1p-Mps2p complex with Spc29p ( Figure 9 ). However, in contrast to Spc29p, which spans the entire central plaque (Adams and Kilmartin, 1999) , Mps2p and possibly Bbp1p are probably only associated with the central plaque periphery. This raises the possibility that the central plaque contains a specialized Spc29p rim that interacts with the Bbp1p-Mps2p complex. Furthermore, it is tempting to speculate that the Bbp1p-Mps2p complex attached to Spc29p represents the hook-like structure, which has been identified by high-voltage electron tomography of SPBs and that anchors the SPB in the nuclear envelope (O'Toole et al., 1999) .
The Bbp1p-Mps2p complex probably has a similar function during SPB duplication, namely in the insertion of the duplication plaque into the nuclear envelope. This notion is supported by the phenotype of the conditional lethal mps2-1 (Winey et al., 1991) and bbp1-1 cells. Cells of mps2-1 form a duplication plaque, which then fails to insert into the nuclear envelope and to assemble a nuclear inner plaque (Winey et al., 1991) . A similar phenotype was observed for bbp1-1 cells. Electron microscopic studies revealed that bbp1-1 cells enlarged their satellite into a duplication plaque with similar kinetics to wildtype cells. However, at a later time point bbp1-1 cells still had not inserted the duplication plaque in the nuclear envelope, whereas wild-type cells had, suggesting that duplication plaque insertion is delayed or totally impaired in bbp1-1 cells. It proved to be difficult to discriminate between these two possibilities by electron microscopy because only one SPB was observed in most bbp1-1 cells after 1.25 h at 37°C, despite the appearance of two Spc72p SPB signals in the majority of bbp1-1 cells as judged by indirect immunofluorescence. A likely explanation is that the newly formed SPB either partially disintegrates (Sundberg and Davis, 1997; Adams and Kilmartin, 1999) or is not recognized as such by electron microscopy because it appears similar to nuclear pores. However, the analysis of bbp1-1 cells whose SPB was either marked with the nuclear Spc110p-GFP or the cytoplasmic Spc42p-GFP revealed that most of the newly formed SPBs of bbp1-1 cells did not assemble an inner plaque. This deficiency is probably a direct consequence of the failure of bbp1-1 cells to insert the duplication plaque into the nuclear envelope. Even when an inner plaque was assembled, this inner plaque organized only a few nuclear microtubules, which failed to become assembled into a functional spindle. Consequently, the newly formed SPB was unable to segregate the chromosomes, leaving the DNA associated with the functional SPB in the mother cell body.
We propose that during SPB duplication the Bbp1p-Mps2p complex interacts with the fraction of Spc29p that is associated with the satellite (Adams and Kilmartin, 1999) and the duplication plaque. This binding may become essential for the insertion of the duplication plaque into the nuclear envelope, followed by the assembly of the nuclear inner plaque.
Interaction of Bbp1p and Kar1p
Kar1p was identified as a further interactor of Bbp1p using the yeast two-hybrid system. Furthermore, an additional copy of KAR1 increased the temperature-dependent growth defect of bbp1-1 cells. Although attemps to coimmunoprecipitate Kar1p with Bbp1p failed (C.Schramm, unpublished), our data together with the finding that Bbp1p is localized close to the site where the half-bridge is attached to the central plaque make it likely that Bbp1p is involved in bridging the central plaque with the halfbridge (Figure 9 ). An important question is whether Bbp1p is only associated with the section of the outer plaque periphery that is in contact with the half-bridge. This is probably not the case, because in most SPB sections Bbp1p was detected at the central plaque periphery in the absence of a detectable half-bridge and, in addition, it was observed opposite to the site where the bridge was attached to the central plaque. Therefore, we assume that Bbp1p like Mps2p (de la Cruz Munoz-Centeno et al., 1999) is distributed along the rim of the entire central plaque.
Materials and methods
General methods and materials, yeast strains and plasmids
Molecular weight markers used in all experiments were β-galactosidase (116 kDa), phosphorylase B (97 kDa), bovine serum albumin (BSA; 66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa) and trypsin inhibitor (21.5 kDa). Strains and plasmids are listed in Table II . Yeast strains used in this study were derivatives of strain S228c; they were constructed using PCR-amplified cassettes (Wach et al., 1997; Knop et al., 1999) . BBP1 and MPS2 were mutagenized by PCR and conditional lethal alleles were selected as described (Muhlrad et al., 1992) . bbp1-1 carries multiple missense mutations resulting in N97S, H135R, N234D and D243E, whereas the mutations in bbp1-2 caused T66P, S106N and M230S exchanges. The mutations in mps2-2 resulted in I258V S259Y and in mps2-42 in L191S. bbp1-1, bbp1-2, mps2-2 and mps2-42 on the integration plasmids pRS304 or pRS305 were integrated into the TRP1 or LEU2 locus of yeast strains YCS17 or ESM780, respectively. The transformants were grown at 23°C on 5-fluoroorotic acid (5-FOA) plates, which select against the URA3-based pRS316 plasmids. MPS2 was cloned by gap repair. BBP1 was subcloned from plasmid YEp13-42.3.
Suppression of spc29-2, bbp1-1 or mps2-2 cells High gene dosage suppressors of spc29-2 cells were selected as described . Two of the suppressing plasmids (YEp13-10.1, 42.3) contained BBP1. BBP1 subcloned into the 2 μm plasmid pRS425 suppressed the temperature-dependent growth defect of spc29-2 cells. Additional plasmids that suppressed spc29-2 carried CDC31 (YEp13-12.7 and 15.3).
Cells of bbp1-1, bbp1-2 and mps2-2 were transformed with 2 μm plasmids pRS425 or pRS426 carrying BBP1, CDC31, MPS2 and SPC29. KAR1 and NDC1 were on the centromere-based plasmids pRS315 or pRS316 because they are toxic for wild-type cells on 2 μm plasmids (Rose and Fink, 1987; Chial et al., 1999 ). The transformants were tested for growth at 35 and 37°C on selective plates.
Two-hybrid interactions
Gene fusions were made using plasmid pMM5, which expresses the LexA gene fusion under the control of the Gal1 promoter in pRS423. Plasmid pMM6 was chosen as the activation domain vector. It contains the GAL4 fragment of pACT2 (Durfee et al., 1993) under the control of the Gal1 promoter in pRS425. Derivatives of these plasmids were transformed into yeast strain SGY37 bearing a lexA-operator-lacZ reporter construct. Transformants were grown on nitrocellulose filters placed onto SC agar with 2% glucose lacking leucine and histidine for 2 days at 30°C. The filters were then placed on SC agar with 2% galactose, 2% raffinose, but lacking leucine and histidine, for 12 h at 30°C. β-galactosidase activity was determined by overlaying the nitrocellulose filter with 0.5 M potassium phosphate-buffered (pH 7.0) top agar containing 0.1% SDS, 6% dimethylformamide (DMF) and 120 μg/ml 5-bromo-4-chloro-3-indoyl-β-D-galactoside (X-Gal).
Anti-Bbp1p antibodies BBP1 was subcloned into Escherichia coli expression vector pGEX-5X-1 (Pharmacia). The GST-Bbp1p fusion protein was expressed in E.coli BL21 DE3 (Studier and Moffat, 1986 ) and purified using glutathione-Sepharose. Antibodies against the purified protein were raised in rabbits using standard procedures. These antibodies were affinity purified using GST-Bbp1p coupled to CNBr-activated Sepharose (Pharmacia) with GST coupled to Sepharose as a pre-column.
Synchronization of yeast cells and flow cytometry
Yeast cells were synchronized with 1 μg/ml (Δsst1 cells) or 10 μg/ml (SST1) synthetic α-factor for 2 h at 23°C until most (Ͼ95%) of the cells were arrested in the G 1 phase of the cell cycle. Cells were prepared for flow cytometry as described (Hutter and Eipel, 1979) .
Electron microscopy and immunoelectron microscopy
Electron microscopy of yeast cells was performed according to Byers and Goetsch (1991) . Nuclei and SPBs were enriched from strain YPH499 (Rout and Kilmartin, 1990) . Immunoelectron microscopy of yeast cells and nuclei was performed with either anti-Bbp1p or anti-Myc antibodies (BBP1-3Myc cells). Cells were then incubated with Fab fragments of goat anti-rabbit IgGs or goat anti-mouse IgGs coupled to ultrasmall gold particles (Nano Probes) . The ultrasmall gold particles were then silver enhanced (Danscher, 1981) . SPBs were spun onto a coverslip (20 000 g, 30 min, 4°C), which was then blocked with BSA. The coverslip was incubated with anti-Bbp1p antibodies, washed with phosphate-buffered saline (PBS)-BSA and then incubated with goat anti-rabbit IgGs conjugated with 12 nm gold particles (Nano Probes). The washed coverslips were overlaid with spurr resin in a gelatin capsule. The spurr resin was allowed to polymerize at 65°C for 8 h. The
